The properties of transforming deoxyribonucleic acid (DNA) at various times after fixation by competent cells can be investigated by reisolating DNA from the complex so formed and assaying it on a second competent culture for biological activity due to donor DNA. In pneumococci (Fox, 1960) , very little donor marker activity could be detected in DNA isolated from the complex shortly after fixation, although donor marker activity reappeared when the complex was incubated before isolation. In a similar experiment with Haemophilus (Voll and Goodgal, 1961), no such "eclipse phase" was obtained.
The properties of transforming deoxyribonucleic acid (DNA) at various times after fixation by competent cells can be investigated by reisolating DNA from the complex so formed and assaying it on a second competent culture for biological activity due to donor DNA. In pneumococci (Fox, 1960) , very little donor marker activity could be detected in DNA isolated from the complex shortly after fixation, although donor marker activity reappeared when the complex was incubated before isolation. In a similar experiment with Haemophilus (Voll and Goodgal, 1961) , no such "eclipse phase" was obtained.
The potential significance of the transient loss of biological activity in pneumococci in connection with an understanding of the mechanism of integration of newly introduced DNA, and the difference in behavior between pneumococcus and Haemophilus, prompted a comparison with a third transformable species, Bacillus subtilis. Our results show that DNA of B. subtilis also goes through an eclipse period shortly after uptake by competent cells. The kinetics of integration of markers from the donor DNA into the 1 Present address: Genetisch Instituut, Rijksuniversiteit te Groningen, Haren (Gr), The
Netherlands. 2 Present address: Department of Genetics, University of Leicester, Leicester, England. recipient genome are similar in these three species.
To evaluate the nature of the eclipse and of the integration process, it is necessary to know whether both strands or only one strand of the fixed transforming duplex are integrated. This was studied by comparing the biological activity of a nmixture of DNA from genetically different parents before and after melting and reannealing. The results obtained are consistent with the view that only one strand of the transforming duplex is integrated into the recipient genome.
MATERIALS AND METHODS
DNA preparation. A modification of Kirby's (1957) procedure, described for mammalian tissues, was used. Usually, 1,000 ml of a culture with an optical density of about 2.0 at 450 miA (1-cm light path) were harvested by centrifugation, suspended, and lysed in 50 ml of standard saline citrate (0.15 M NaCl + 0.015 M sodium citrate, pH 7.6) with egg white lysozyme (250 ,ug/ml). To the lysate was added 6% (w/v) sodium p-aminosalicylate, and the mixture was shaken with an equal volume of tetraboratewashed phenol for 45 min on a Microid flask shaker. After shaking, the phases were separated by centrifugation at 6,000 rev/min for 10 min, and the aqueous phase was carefully pipetted off. This fraction was centrifuged for another 30 min at 6,000 rev/min, during which residual protein settled on the bottom of the tube. The clear aqueous phase was then carefully poured off, 1250 on November 13, 2017 by guest http://jb.asm.org/ Downloaded from FATE OF TRANSFORMING DNA and DNA was precipitated by adding an equal volume of 2-ethoxyethanol and gentle shaking. The precipitate was dissolved in 25 ml of dilute saline citrate (0.015 M NaCl + 0.0015 M sodium citrate), and again 61% (w/v) sodium p-aminosalicylate was added. DNA was again precipitated with an equal volume of 2-ethoxyethanol and was dissolved in 15 ml of dilute saline citrate. After 4% (w/v) sodium acetate was added, DNA was precipitated in the same way, redissolved in dilute saline citrate, and, after the addition of ribonuclease (30 /hg/ml, previously heated at 80 C for 10 min), the solution was incubated at 37 C for 30 min. DNA was finally precipitated again with 2-ethoxyethanol and dissolved in NaCl (1.5 M). The DNA content was measured spectrophotometrically by the method of Burton (1956) .
Strains. A tyrosine-requiring strain (tyr-) of B. subtilis was used as donor. Two recipient strains were used; recipient 1 required indole (ind-) and recipient 2 required indole and tyrosine (ind-tyr-). The ind and tyr loci gave 70% joint transfer in transformation. All strains were derived from 168 ind-and were kindly provided by M. Kelly.
Competence. Competent cultures were made by the following method. A 1,000-ml amount of Spizizen's (1958) and was used to transform a competent ind-tyr-(recipient 2) culture, by use of a DNA concentration of 1 ,ug/ml. Donor-type (ind+tyr-), residenttype (ind-tyr+), and recombinant-type (ind+tyr+) transformants were then assayed on appropriately supplemented minimal agar plates. The transforming activity of the DNA in the mixture was assayed similarly before and after melting and reannealing.
RESULTS The biological activity of the donor DNA (donor marker activity) as a function of time of incubation before isolation from a complex after fixation is shown in Fig. 1 . When a complex was lysed immediately after exposure to DNA for 10 min at 30 C, less than 10 % of the donor marker activity recoverable after prolonged incubation was present. Donor marker activity rose rapidly upon further incubation of the complex, and almost reached the maximal level attainable after 20 min of incubation. There was no further increase in donor marker activity after 45 min of incubation at 30 C. At that time, the ratio of donor marker activity to resident marker activity ( Fig. 1) X 109 X 107 X 103 X 10 X 10-4 * Recipient 1 cells were exposed to DNA concentrated ten times in supernatant fluid at 30 C, and were subsequently incubated at this temperature; 45 min after the addition, DNA was re-extracted and assayed on recipient 2 cells.
DNA took place at 37 C, and the plateau was reached earlier. Recovery from the eclipse, therefore, appears to be temperature-dependent in B. subtilis as it is in pneumococcus (Fox, 1960) . Three explanations of this eclipse might be considered.
(i) The donor DNA becomes single stranded immediately after uptake (Lacks, 1962) . Since denatured DNA is not readily taken up by competent cells (Lerman and Tolmach, 1959; Guild, 1961) , donor activity would not be recoverable until this single-stranded material had become double stranded again as a result of complexing with other single-stranded donor molecules or with resident DNA.
(ii) The donor DNA is degraded into products of low molecular weight, which cannot be taken up by competent cells. Recovery would be due either to integration or to complexing with resident DNA.
(iii) The donor DNA complexes with some other cellular component which renders it resistant to re-extraction or uptake by competent cells (Ephrussi-Taylor, 1960) .
With the first two of these explanations of eclipse, the simplest interpretation of recovery from the eclipse would be that it was due to integration itself. If this were the case, recovery and integration should follow identical kinetics. In pneumococcus (Fox, 1960) , it was found that the kinetics of the two processes were different, and the same appears to be true for B. subtilis. The kinetics of appearance of recombinant-type (ind+tyr+) activity (Fig. 2) follows a pattern similar to that of donor marker activity (Fig. 1) , but the following more sensitive test suggests that the two processes are different.
The final proportion of recombinant-type (ind+tyr+) transformants as a fraction of all ind+ transformants of the first recipient is 0.29 (Table  1) , and is the frequency (p) with which the two linked markers ind and tyr are separated in transformation. The corresponding frequencies of donor-type (ind+tyr-) transformants is, therefore, (1 -p (1 -p) = 0.21. This follows from the fact that only ind+tyr+ molecules can give such transformants of this recipient and will do so with a probability of (1 -p). The observed proportion of recombinant-type transformants given by DNA re-extracted after 45 min of incubation in supernatant fluid of the complex at 30 C is 0.21 (Table 1) , which is in accordance with the assumption that, at this time, integration was complete. If recovery from the eclipse was due to integration, this proportion should be constant irrespective of the length of incubation of the complex before re-extraction. In fact, the proportion of recombinant-type transformants (ind+tyr+) is initially only 0.07 and rises rapidly to assume its final value of 0.21 (Fig. 3) * The composition of DNA in the mixture was 100:1:0.3 (ind7tyr+, ind+tyr-, ind+tyr+, respectively). DNA (20 ,ug/ml) was heated at 100 C for 10 min in standard saline citrate, rapidly cooled, and renatured in NaCl + sodium citrate (0.3 M + 0.015 M) for 2.5 hr at 67 C. Initial activity was 100%.
DNA was performed (Table 2) . Marmur et al. (1962) showed that, during renaturation of previously denatured DNA, union of complementary strands that were not previously paired occurs. Since the number of ind+tyr-and ind+tyr+ molecules in the DNA mixture is very small relative to ind-tyr+ molecules, one would expect that, after melting, the ind+tyr-and ind+tyr+ single strands that participate in reannealing would do so almost exclusively with ind-tyr+ single strands, thus forming hybrid duplexes. This would mean that, after reannealing, the potential capacity of the mixture to transform ind-tyr-recipient cells to ind+tyr-and ind+tyr+ transformants would be twice as high after reannealing as before melting, if both strands were integrated in transformation. On the other hand, if only one strand of the transforming duplex was integrated, the potential transforming activity would not be changed by reannealing, provided each strand was integrated independently and with equal probability.
It is clear from Table 2 that the results are compatible only with one strand being integrated during transformation. A contrary result in pneumococcus (Marmur and Lane, 1960) has recently been shown to be due to failure to take changes of DNA concentration into account (Marmur, Rownd, and Schildkraut, 1963) .
DISCUSSION
It seems clear that transformation involves integration of donor DNA into the recipient genome (Fox and Hotchkiss, 1960; Fox, 1962 (Lacks, 1962) that, in pneumococcus, p32 incorporated into the donor DNA reappears mainly in material of low molecular weight, and as denatured DNA if it is re-extracted from a complex shortly after uptake, argues in favor of a single strand. Recent experiments (P6ne and Romig, 1964) on genetic recombination in B. subtilis are not in agreement with the results obtained by Lacks (1962) for pneumococcus, since no denatured component was demonstrated in re-extracted donor DNA. It may, however, be questioned whether these results are strictly comparable. The precipitation procedures for the re-extracted DNA used in the two experiments were rather different. In the first case, no evidence is presented as to whether denatured DNA was discarded during the purification procedure. It has also been reported (Marmur et al., 1963; Kent, Roger, and Hotchkiss, 1963) that, in pneumococcus, genetically hybrid DNA formed by renaturation of a mixture of denatured DNA from genetically different strains does not give rise to mixed transformed clones. Mixed clones would be expected if both strands of a hybrid molecule were integrated. On the other hand, Herriott (1961) showed that hybrid DNA, carrying two linked markers in the trans position, could give rise to double transformants in Haemophilus. It may be questioned whether this is due to integration of the double helix, rather than to uptake of hybrid molecules consisting of one single strand which has paired with two segments each carrying one of the dominant alleles, thus forming hybrids in which the markers became cis orientated (Marmur et al., 1963) . Further support for integration of a single strand is provided by the observation that, in pneumococcus (Guild, 1961) , denatured DNA is incorporated as efficiently as native DNA once it has been taken up by competent cells. The inefficiency of denatured DNA in this sytsem is due to poor uptake. Similar experiments with B. subtilis (see Marmur et al., 1963) indicated that denatured DNA has no biological activity, but this might be due to failure of competent cells to fix denatured DNA in this species. The elegant experiments of Fox (1962) are also consistent with the assumption that a single strand is involved in integration, provided one assumes, as does Fox, that p32 decay inactivates only the strand in which it occurs, and that the reisolated DNA has already been integrated at the time of reisolation.
The only data which provide positive evidence that both members of a duplex are integrated together comes from the experiments of Fox and Hotchkiss (1960) with pneumococcus. They found that (i) the ratio of donor marker activity to resident marker activity, in DNA reisolated from a complex, is constant at all times, and (ii) that this ratio is equal to the transformation frequency. Although, after recovery from the eclipse, this ratio (i) is also close to the transformation frequency in B. subtilis, preliminary results indicate that, after growth of the transformed culture and subsequent re-extraction, this ratio drops. It appears, therefore, that differences exist between different systems in this respect: in Haemophilus (Voll and Goodgal, 1961) , ratio (i) falls by a factor of two during the first 30 min after fixation of DNA, favoring, therefore, the possibility of only one strand being integrated.
Although the physical nature of the material integrated is still ill-defined, evidence is accumulating that it is single-stranded DNA. The conr tradicting constancy of the ratio of donor markes to resident marker activity in pneumococcumay be explained on a basis of one-strand integration, by supposing that after integration of one strand, by replacement of a double-stranded resident portion, a complementary strand is synthesized. Consequently, it appears that, at present, the eclipse phase might be best interpreted as due to denaturation of donor DNA after uptake by competent cells. Direct evidence for this conclusion has recently been obtained in pneumococcus (Fox and Allen, 1964) .
It seems clear that recovery from the eclipse is not a consequence of integration. One possibility which deserves investigation is that recovery is due to complexing of donor DNA (whether denatured or not) with the resident DNA. This would represent an intermediate step in transformation, formally corresponding to "pairing" in other systems. The transition from the complexed to the integrated state would be expressed experimentally by the rise in ratio of recombinant-type to donor-type activity during incubation of the complex (Fig. 3) . Some support for such a possibility has been obtained from studies on the physical properties of DNA isolated shortly after its introduction into competent cells (Venema et al., in press).
